Cell-free extracts from 10 strains of Spiroplasma species were examined for 67 enzyme activities of the Embden-Meyerhof-Parnas pathway, pentose phosphate shunt, tricarboxylic acid cycle, and purine and pyrimidine pathways. The spiroplasmas were fermentative, possessing enzyme activities that converted glucose 6-phosphate to pyruvate and lactate by the Embden-Meyerhof-Parnas pathway. Substrate phosphorylation was found in all strains. A modified pentose phosphate shunt was present, which was characterized by a lack of detectable glucose 6-phosphate and 6-phosphogluconate dehydrogenase activities. Spiroplasmas could synthesize purine mononucleotides by using pyrophosphate (PP,) as the orthophosphate donor. All spiroplasmas except Spiroplusmu floricolu used adenosine triphosphate (ATP) to phosphorylate deoxyguanosine; no other nucleoside could be phosphorylated with ATP by any spiroplasma tested. These results contrast with those reported for other mollicutes, in which PP, serves as the orthophosphate donor in the nucleoside kinase reaction. The participation of ATP rather than PPi in this reaction is unknown in other mollicutes regardless of the nucleoside reactant. Deoxypyrimidine enzyme activities were similar but varied in the reactions involving deamination of deoxycytidine triphosphate and deoxycytidine. All Spiroplasma spp. strains had deoxyuridine triphosphatase activity. Uridine phosphorylase activity varied among strains and is possibly group dependent. As in all other mollicutes, a tricarboxylic acid cycle is apparently absent in Spiroplasma spp. Reduced nicotinamide adenine dinucleotide oxidase activity was localized in the cytoplasmic fraction of all Spiroplusmu species tested. Our assays indicate that the members of the Spiroplasrnataceae are essentially metabolically homogeneous in the highly conserved pathways which we studied, but differ from other mollicutes in several important respects. These differences are of probable phylogenetic significance and may provide tools for recognition of higher taxonomic levels of mollicutes.
Cell-free extracts from 10 strains of Spiroplasma species were examined for 67 enzyme activities of the Embden-Meyerhof-Parnas pathway, pentose phosphate shunt, tricarboxylic acid cycle, and purine and pyrimidine pathways. The spiroplasmas were fermentative, possessing enzyme activities that converted glucose 6-phosphate to pyruvate and lactate by the Embden-Meyerhof-Parnas pathway. Substrate phosphorylation was found in all strains. A modified pentose phosphate shunt was present, which was characterized by a lack of detectable glucose 6-phosphate and 6-phosphogluconate dehydrogenase activities. Spiroplasmas could synthesize purine mononucleotides by using pyrophosphate (PP,) as the orthophosphate donor. All spiroplasmas except Spiroplusmu floricolu used adenosine triphosphate (ATP) to phosphorylate deoxyguanosine; no other nucleoside could be phosphorylated with ATP by any spiroplasma tested. These results contrast with those reported for other mollicutes, in which PP, serves as the orthophosphate donor in the nucleoside kinase reaction. The participation of ATP rather than PPi in this reaction is unknown in other mollicutes regardless of the nucleoside reactant. Deoxypyrimidine enzyme activities were similar but varied in the reactions involving deamination of deoxycytidine triphosphate and deoxycytidine. All Spiroplasma spp. strains had deoxyuridine triphosphatase activity. Uridine phosphorylase activity varied among strains and is possibly group dependent. As in all other mollicutes, a tricarboxylic acid cycle is apparently absent in Spiroplasma spp. Reduced nicotinamide adenine dinucleotide oxidase activity was localized in the cytoplasmic fraction of all Spiroplusmu species tested. Our assays indicate that the members of the Spiroplasrnataceae are essentially metabolically homogeneous in the highly conserved pathways which we studied, but differ from other mollicutes in several important respects. These differences are of probable phylogenetic significance and may provide tools for recognition of higher taxonomic levels of mollicutes.
The metabolism of the wall-less, helical, sterol-requiring members of the Spiroplasmataceae has been little studied. The insect and plant habitats of the spiroplasmas, as their unique phylogenetic position indicates (59), suggested to us that the metabolism of these organisms might differ from that described for other members of the class Mollicutes (10, 17, 39, 45, 55) . Identification of such metabolic differences would aid in the characterization, classification, and study of the phylogeny of the spiroplasmas. This information can also identify metabolic steps or loci that are susceptible to chemical modulations that could inhibit the spiroplasmal diseases of corn, citrus, or other plants.
Most reports relating to the metabolism of spiroplasmas have concerned nutrition, noting, for example, the presence or absence of acid produced during growth with various sugars (8, 20, 43, 44, 58 ). Other reports have described optimal growth responses to various additives in formulations of semidefined and defined media (2, 4, 5, 18, 22, 24, 52) . A number of studies have reported the chemical contents and the processing or appearance of radioactivity from either lipids or lipid precursors into membrane components of growing spiroplasmas (3, 13, 15, 23, 31, 32) or the uptake of compounds such as [14C]thymidine (50), [32P]phosphate, or 14C-labeled amino acids (1) . Other workers have performed enzymatic studies, noting the presence of adenosine triphosphatase (23, 31) or, in some spiroplasmas, uridine phosphorylase activity (29, 46) . A number of reports concern the arginine metabolism of Spiroplasma citri and Spiroplasma kunkelii (24, 44, 48, 49) . The endonucleases and polymerases of S. citri have also been studied (6, 7, 47) . Saglio et al. (42) examined S. citri metabolism more generally by determining the energy charge values as a function of growth and metabolic activity. Only in reports of S. citri by Igwegbe and Thomas (21), who examined the arginine dihydrolase pathway, and by McElwain et al. (28) , who examined purine and pyrimidine metabolism, have the enzyme components of major metabolic routes been systematically studied.
In this paper, we report the results of an attempt to determine the presence or absence and extent of a number of major interrelated metabolic pathways in members of the Spiroplasmataceae. We examined cytoplasmic extracts from 10 strains of Spiroplasma species, which represented eight of the nine named species and seven serogroups (including four subgroups of group I) and were isolated from ticks, bees, mosquitoes, and different plants (53) . Extracts were assayed for 67 enzyme activities that are components of the Embden-Meyerhof-Parnas (EMP) pathway, pentose phosphate (PP) shunt, tricarboxylic acid (TCA) cycle, and purine and pyrimidine pathways.
(Some of the results were presented at the Seventh Congress of the International Organization for Mycoplasmology , Baden, Austria, June 1988.)
MATERIALS AND METHODS
Spiroplasma strains. Ten spiroplasma strains were studied. The designations of these organisms, the growth media used, and the length of time which the bacteria were incubated statically at 30°C are shown in Table 1 . Three spiroplasma strains were grown in a previously undescribed medium, base serum sucrose broth, which contains (per liter) 17.1 g of mycoplasma broth base (BBL Microbiology Systems), 91.34 g of sucrose, 0.71 g of penicillin G, 6 .0 ml of 0.5% aqueous phenol red, and 100 ml of fetal bovine serum (final pH, 7.3). The mycoplasma broth base and sucrose were sterilized by autoclaving suspensions of 60 g of mycoplasma broth base and 320 g of sucrose in 2,930 ml of water; these suspensions were adjusted to pH 7.3 with 1 N HC1. Other components were prefiltered through 0.22-pm filters, and the complete medium was sterilized by ultrafiltration through stacked 1.2-, 0.45, and 0.22-pm filters. Preparation of cytoplasmic extracts and membrane fractions. Cells in log or late log phase were harvested by centrifugation at approximately 10,000 X g for 30 min at 4°C. The cells were washed two to four times in kappa buffer by centrifugation at 4°C (35). Washed whole-cell pellets were kept frozen at -70°C for 2 to 5 days until they were extracted. Frozen pellets were thawed and suspended in about 15 ml of aqueous diluted kappa buffer (1:20). The whole-cell suspensions were subjected to disruptive decompression in a Parr-Bomb. Suspensions of broken cells were centrifuged at 250,000 x g for 1 to 2 h at 4°C. The supernatants were dialyzed three or four times in 200 to 400 volumes of dialysis fluid at 4°C overnight (51) and were used for enzymatic studies. Washed membrane fractions of S. citri, Spiroplasma jloricola 23-ST (T = type strain), Spiroplasma melliferum, Spiroplasma apis, and S . kunkelii were prepared from the 250,000 x g pellets (35). The membrane fractions were washed once in diluted kappa buffer (1:20) and then five or six times in kappa buffer.
Enzymatic analysis. The numbers in parentheses below identify the enzymes listed in Table 2 . Assays for enzyme activities of the EMP pathway (enzymes 1 through 7) and the PP shunt (enzymes 21 through 27) and for deoxyribose-5-phosphate aldolase activity (enzyme 28) were performed as described previously (14, 56) . The assays for enzymes involving pyruvate, phosphoenolpyruvate, malate, oxaloacetate, and aspartate and for citrate synthase, isocitrate dehydrogenase, and fumarase activities (enzymes 8 through 20) and the assay for adenosine triphosphate (ATP) formation were performed as described by Manolukas et al. (26) . Reduced nicotinamide adenine dinucleotide (NADH) oxidase activity was assayed as previously described (38).
Assays for pyrimidine enzyme activities and for uracildeoxyribonucleic acid glycosylase activity (enzymes 29 through 39) were performed as reported by Williams and Pollack (56, 57) . The assay for deoxyribonuclease activity (enzyme 40) was performed by following the procedure of Hoffmann and Cheng (19), as described by Pollack and Hoffmann (37). The assays for purine enzyme activities (enzymes 41 through 67) were performed as described previously (28, 52). Membrane fractions were assayed only for NADH oxidase activity and protein content (35).
Most of the data in Table 2 are reported as the average numbers of nanomoles of product synthesized per minute per milligram of cell-free cytoplasmic protein. Enzymatic rates that were determined spectrophotometrically were calculated from periods when the reactions were linear (zero order) (i.e., when the substrate concentration was apparently not limiting and the reaction rate was proportional to the concentration of cell extract). When the number of different cell batches tested was three or greater, standard deviations were computed ( Table 2) . If the number of cell batches tested was less than three, no standard deviation was calculated.
To test for the appropriateness of our spectrophotometric reaction mixture when no activity was detected, 1 x to 1 x U of a commercial sample (Sigma Chemical Co.) of the enzyme being studied was added to the cuvette. Upon addition of the enzyme standard to the complete reaction mixture containing 10 to 80% nonreactive cell extract, enzyme activity was detected in every case.
RESULTS
The results of 67 assays are listed in Table 2 . Only transaldolase (enzyme 27), deoxycytidine monophosphate (dCMP) deaminase (enzyme 30), and cytidine deaminase (enzyme 32) showed significant variation. In each of these three assays, about one-third of the responses determined from the 10 spiroplasmas were negative. The S. citri and S . kunkelii strains, the two plant pathogens, were the only strains that lacked both cytidine and dCMP deaminases (enzymes 30 and 32) and deoxyribose 5-phosphate aldolase (enzyme 28) activity; these two plant pathogens, as well as Spiroplasma mirum, lacked transaldolase (enzyme 27) activity. S . mirum had no detectable phosphoribose isomerase (enzyme 24) or pyrophosphate (PP,)-dependent deoxyguanosine kinase (enzyme 63) activity. The two strains of S. floricola had neither ATP-nor PP,-dependent phosphofructokinase (PFK) (enzymes 3 and 4) activity. All other spiroplasmas had only ATP-dependent PFK activity. Only the Maryland flower spiroplasma and Spiroplasma culicicola demonstrated deoxyuridine monophosphatase (enzyme 34) activity. With the exception of these responses, all of the spiroplasmas reacted identically; i.e., all possessed or lacked each of the 57 other enzyme activities which we studied ( Table 2) . All of the spiroplasmas tested had NADH oxidase activity localized in their cytoplasmic fractions; i.e., the ratio of the specific activity of NADH oxidase activity in each membrane fraction divided by the specific activity of NADH oxidase activity in the cytoplasmic fraction from the same batch of cells was less than 0.30 (34). This ratio was less than 0.02 in preparations from S. citri, S . Jloricola 23-6T, S . melliferum, S. apis, and S . kunkelii. Also, all of the spiroplasmas listed in Table 1 
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DISCUSSION
In this paper we report the presence or absence of different enzymatic activities associated with carbohydrate, purine, and pyrimidine ribo-and deoxyribonucleotide metabolism in various Spiroplasma species. As we and other workers have discussed previously, problems associated with studies in which researchers use crude cell extracts from organisms grown in rich undefined media may lead to incorrect conclusions concerning the presence or absence of enzymatic activity (11, 28). Such errors may be due to low assay sensitivity, contaminating and interfering enzymes, or perhaps, in certain cases, failure to induce an inducible enzyme.
Furthermore, we cannot be certain that the reaction sequences which we detected in our in vitro studies with cell-free extracts are functional in actively metabolizing whole cells; such functionality must be proved by assays in which whole cells are used, similar to the assays described by McIvor and Kenny (30). Furthermore, although the rates shown in Table 2 are indicative of the presence or absence of enzymes, they may not reflect enzyme mass or the magnitude of in situ activity. For example, the higher specific activities which we obtained when we studied purine enzymes may not mean that the purine pathways are more active than the PP shunt, whose specific enzyme activities were relatively lower. It is likely that the variability in rates shown in Table 2 are strong reflections of assay sensitivity and interfering enzyme activities.
Notwithstanding potential difficulties in interpretation, we have made certain operating, but only qualitative, assumptions concerning spiroplasma metabolism, based on our studies with cell-free extracts. We found no qualitative metabolic differences in the spiroplasma extracts that could be attributed to growth in the four different media which we used.
We believe that spiroplasmas are fermentative; i.e., they convert glucose 6-phosphate to pyruvate and lactate by reactions that appear to constitute the classical EMP pathway. In spiroplasmas, as in Mycoplasma species, PFK activity, the rate-limiting step of glycolysis, is ATP dependent; i.e., PP, cannot substitute for ATP (14) . In Acholeplasma species, the PFK activity is PP, dependent (40) . The synthesis of ATP in the 3-phosphoglycerate kinase and pyruvate kinase assays confirms the capability of spiroplasmas to perform substrate phosghorylation.
Our inability to detect PFK activity in all batches of both S . floricola strains may reflect a methodological error, since the absence of PFK activity in a fermentative or apparently fermentative organism that possesses all of the other EMP enzymes is unknown to us. Possibly in S . floricola the EMP pathway, although involving glucose 6-phosphate as a substrate and phosphoglucose isomerase activity to form fructose 6-phosphate ( Table 2) , lacks PFK activity. The absence of PFK activity is circumvented by connecting with the PP shunt at fructose 6-phosphate. After the carbons of glucose 6-phosphate pass through the PP shunt, they re-enter the EMP pathway at glyceraldehyde 3-phosphate and proceed to pyruvate and lactate. However, this hypothesis concerning S . floricola was not tested.
The PP shunt appears to be present but incomplete in spiroplasmas, since we did not detect glucose 6-phosphate dehydrogenase or 6-phosphogluconate dehydrogenase activity in any strain. The absence of these two activities may indicate some limitation on pathways requiring reducing equivalents such as reduced nicotinamide adenine dinucleotide phosphate (e.g., the apparent inability of growing spiroplasmas, such as S . citri, to synthesize lipids from
[14C]acetate [15] and their growth requirement for cholesterol). All spiroplasmal extracts had transketolase activity in one or two directions. The presence of this activity, coupled with transaldolase activity in six of nine strains, indicates that linkage of the EMP pathway and the PP shunt in spiroplasmas, as in acholeplasmas, can occur at fructose 6-phosphate or glyceraldehyde 3-phosphate (14) . This linkage may permit the synthesis of nucleic acid precursors from glucose and allow degradation products of ribonucleic acid and deoxyribonucleic acid metabolism, with the involvement of deoxyribose 5-phosphate aldolase activity, to reenter the glycolytic pathway. The latter course would probably also require phosphoribose mutase activity, which we have not studied but which has been reported in Ureaplasma urenlyticum and Mycoplasma mycoides subsp. mycoides (11) .
Adenosine monophosphate, inosine monophosphate, and guanosine monophosphate are known to be synthesized in mollicutes in the following ways: (i) in a one-step reaction, from the respective nucleobase and phosphoribosyl pyrophosphate, and (ii) in a two-step reaction (in the first part, ribose 1-phosphate or deoxyribose 1-phosphate is used to form the ribo-or deoxyribonucleoside, and then in the second part, ATP or PP, is used as the orthophosphate donor to form the ribo-or deoxyribomononucleotide) (52) . All spiroplasmas were able to synthesize these mononucleotides by the one-step reaction or by the two-step reaction in which PP, was used as the orthophosphate donor. The first two routes (the phosphoribosyl one-step pathway and the PP,-dependent two-step pathway) are both also found in all Acholeplasma species and in Anaeroplasma intermedium The relatively unusual ability of some mollicutes and spiroplasmas to use deoxyribose 1-phosphate to synthesize deoxyribonucleosides may be taxonomically significant (28). The use of deoxyribose 1-phosphate by the purine phosphorylases (Table 2 , enzymes 46, 50 and 51) suggests a reduced need for ribonucleotide reductase activity or perhaps the existence of a route without ribonucleotide reductase for the synthesis of nucleic acid precursors of deoxyribonucleic acid.
Our findings regarding enzymes of deoxypyrimidine metabolism were similar for all spiroplasmas except in the reactions involving the deamination of dCMP and deoxycytidine. Although failure to demonstrate cytidine deaminase could possibly be artifactual (11), we believe that the lack of both dCMP and cytidine (deoxycytidine) deaminase activities only in S . kunkelii and S. citri, the two plant pathogens, reflects the inability of these organisms to use deoxycytidine or dCMP as a source of deoxyribose 1-phosphate or cytosine for the synthesis of thymidine nucleotides. Similarly, the lack of detectable levels of dCMP kinase in S . culicicola extracts suggests that this organism may not salvage deoxycytidine for deoxycytidine triphosphate synthesis.
Like all Acholeplasma species (28), Anaeroplasma intermedium (28), M. mycoides subsp. mycoides (33), and Asteroleplasma anaerobium (Petzel et al., unpublished data), the spiroplasmas have deoxyuridine triphosphatase (enzyme 33) activity, whereas all other Mycoplasma species and U. 29) in seven instances. In the case of S. melliferum (subgroup 1-2) and S. culicicola (group X), we failed to detect uridine phophorylase activity, as reported previously (29). The differences may be technical; i.e., we used cell-free cytoplasmic extracts, while McGarrity et al. used whole unfractionated cell lysates and considered the activity to be membrane associated (29).
An unusual activity of spiroplasmal preparations is that they can phosphorylate deoxyguanosine but no other nucleoside with ATP ( We found pyruvate dehydrogenase activities (enzymes 10 and 11) in both directions in all of the spiroplasma samples which we studied. These activities have been reported in other members of the Mollicutes (12) . In preliminary experiments, we have not found pyruvate carboxylase activity in any Spiroplasma species (unpublished data), and we did not detect (Table 2) Although we assayed for only four enzymes of the tricarboxylic acid cycle and found malate dehydrogenase activities (enzymes 13 and 14) in extracts of all strains and citrate synthase, isocitrate dehydrogenase, and fumarase activities (enzymes 18 through 20) in none, we determined that the tricarboxylic acid cycle is absent from the Spiroplasma species which we studied, as it is from all other mollicute genera that have been examined (26). Jones et al. (22) first suggested the absence of some of the tricarboxylic acid cycle in S. citri. Also, the absence of isocitrate dehydrogenase and malate synthase activities suggests the absence of the glyoxylate cycle. Aspartate may be an important modulating intermediate that could be formed by the action of aspartate aminotransferase activities (enzymes 16 and 17), which we detected in both directions in all spiroplasma preparations (Table 2 ). This reaction may be involved in maintaining oxaloacetate levels and hence may affect malate dehydrogenase activity, as well as the concentration of cellular nicotinamide adenine dinucleotide and NADH. There is no de novo synthesis of purines in members of the Mollicutes, so aspartate presumably does not contribute its nitrogen to the purine ring, but the nitrogen of aspartate has been reported to be transferred to the amino group of inosine monophosphate in the synthesis of adenosine monophosphate by extracts of a number of mollicute species (52) .
The cytoplasmic localization of NADH oxidase activity in spiroplasmas has been reported previously only for S. citri (23,31). In this study, the cytoplasmic localization of NADH oxidase activity was extended to four other Spiroplasma spp. These observations support the results of phylogenetic studies that associate Spiroplasma and Mycoplasma species (59) since all of the strains of both genera which have been tested have NADH oxidase activity localized in their cytoplasmic fractions, while the activity is localized in the membranes of Acholeplasma species (34). NADH oxidase activity is apparently absent from U. urealyticum (27, 36).
